Introduction
In optical data storage, polycarbonate disks are used as the medium for data recording. Since these disks are relatively thin, they are weak in the transverse ͑out-of-plane͒ direction, which makes them susceptible to transverse vibrations. Numerous excitation mechanisms for these vibrations are present in optical drives; for instance, imbalance, shocks, and suspension flexibility. Due to increasing demands on the read-out speeds of the disk, airflow-induced vibrations have become more and more important due to higher rotation speeds. For example, an optical pickup unit ͑OPU͒ operating close to the rotating disk acts as a local excitation due to the air that has to flow through the narrow opening between the OPU and the disk. As a result, disk modes are always excited to a certain extent. Currently, rotation speeds in optical storage devices are such that critical speed resonances of optical disks can show up, resulting in large tilt in the disk in both the radial and tangential/circumferential directions. This phenomenon was discovered during the writing process of DVDs, which is performed using a constant data rate. During writing, the rotation frequency decreases with radial position on the disk. At certain radial positions, the number of writing errors exceeded the maximum allowable value. Rotation frequencies at which this occurred have been found to correspond with critical speeds of the disk.
In the field of rotating disk dynamics, extensive research has been performed. The study on the vibrations of spinning disks was first reported in Lamb and Southwell ͓1͔ and Southwell ͓2͔ . Since then, much research on this topic has been performed. Among the more recent investigations has been d'Angelo ͓3͔, who has shown that clamping of the disk is important in terms of stiction and slip. Furthermore, the clamping radius is found to have a large influence on the natural frequencies. Chen and Bogy ͓4͔ have investigated the influence of system parameters on the eigenvalues of the system. Malhotra et al. ͓5͔ have derived the equations of motion for a rotating disk, containing both bending and membrane ͑stretch͒ effects. Several methods are described to approximate the response of the disk. Chung et al. ͓6͔ have analyzed the free vibrations of a spinning disk. Using a Galerkin method, approximations for the natural frequencies, mode shapes, and critical speeds of a freely spinning disk have been obtained. Furthermore, their dependency on the rotation frequency ͑due to stretching of the disk͒ has been investigated. Jia ͓7͔ has derived the equations of motion for a spinning disk, using energy considerations ͑Hamilton's principle͒. The effect of centrifugal flattening is explained, which causes a decrease of the initial disk warpage as the rotation speed increases. Lee et al. ͓8͔ have numerically predicted critical speeds of optical disks and have compared these with experimental results, obtaining a good match. Furthermore, the effect of flutter ͑self-excited, aerodynamically induced disk vibrations͒ has been discussed and is measured in the experiments. Chung et al. ͓9,10͔ have analyzed the dynamics of a rotating disk with angular acceleration and eccentricity, respectively. Stationary in-plane motion is assumed, whereas transverse motion is assumed to be dynamic. The transverse motion is obtained by using Galerkin techniques. Eccentricity is found to result in distortion of mode shapes and an increase in critical speed for the lowest mode. Heo and Chung ͓11͔ have performed a similar analysis for angular misalignment ͑rigid-body tilt͒. This has been found to result in a "beating" phenomenon both for the in-plane and transverse disk response. Lee et al. ͓12͔ have experimentally determined that critical speeds for spinning disks are higher in vacuum situations, caused by lack of added mass effects of the air surrounding the disk.
Interaction between a rotating disk and a stationary load system or airflow has been reported in the following references. Pelech and Shapiro ͓13͔ have considered a flexible disk rotating on a gas film close to a wall. The air film height is extremely small with respect to the disk radius, resulting in very small Reynolds numbers. Benson and Bogy ͓14͔ have discussed the steady deflection of a very flexible spinning disk due to a stationary fixed transverse load. Transverse stiffness has to be included in the analysis as membrane theory has proven to be unable to solve this problem. Adams ͓15͔ has analyzed the interaction between a flexible disk and a read/write head by assuming a steady, axisymmetric fluid flow in the interaction region. The disk and fluid equations are solved separately and then combined. Licari and King ͓16͔ have described the development of a numerical model ͑finite element method ͑FEM͒ combined with finite differences͒ to simulate the interaction between a magnetic recording head and a rotating flexible disk. The Reynolds equation is used for modeling the headdisk interaction. Carpino and Domoto ͓17͔ also have investigated a rotating disk near a flat plate. The Reynolds equation is used to model the incompressible and laminar airflow. The solution to the coupled partial differential equations is found from an axisymmetric part and a linearized nonaxisymmetric part. The total solution is found by combining these two parts. Adams ͓18͔ has considered an elastic disk subjected to a point load and rotating close to a stationary baseplate. Four different airflow models have been considered, including the Reynolds equation. For each disk mode, the airflow is accounted for by a stiffness and damping parameter. Kim et al. ͓19͔ have considered a disk, rotating in a cartridge. Computational fluid dynamics ͑CFD͒ calculations show that objects, present in the airflow, considerably affect the velocity field of the airflow in the cartridge. The pressure distribution acting on the disk has been found to be closely related to the inner shape of the cartridge. Tatewaki et al. ͓20͔ have performed numerical simulations of unsteady airflow in hard disk drives. The pressure-time series obtained in this way has been applied on a FEM model of the disks. The presence of the read/write head is found to have a large influence on the response. Naganathan et al. ͓21͔ and Bajaj et al. ͓22͔ have performed a numerical study of a flexible disk, rotating near a rigid wall. Based on Pinkus and Lund ͓23͔, the full Navier-Stokes equations for the airflow are simplified and the Reynolds equation for cylindrical geometry is obtained. The coupled disk-fluid partial differential equations are discretized using finite differences and are solved directly. Self-excited vibrations are found to occur due to coupling between dynamics of the disk and hydrodynamics of the fluid.
Changes in the inner housing geometry of drives have been found to influence the presence of critical speed resonances, due to changes in airflow. In this paper, the influence of drive inner housing geometry on the critical speed resonances in optical disks is investigated both numerically and experimentally in a systematic way. For this purpose, a measurement setup is designed, which consists of an idealized drive containing simplified inner housing geometry. Furthermore, a new method is developed to measure disk deformation in the experimental setup. Moreover, a numerical model is developed, which describes the effect of airflow-housing-induced excitation on a rotating optical disk. Finally, new methods for presenting both the numerical and experimental results are proposed by means of two new types of plots: so-called avalanche plots and maximum absolute tilt plots. As an additional result of the systematic investigation of the influence of inner housing geometry, some reduction of critical speed resonances is found to be possible for certain inner housing geometries.
The outline for this paper is as follows. In Sec. 2, some theoretical background on disk dynamics will be given. A model for the disk and the airflow will be presented in Sec. 3, together with the underlying assumptions. Section 4 will describe the numerical implementation of this model. Section 5 will provide a description of the experimental setup and the measurement method. The interpretation of the results and the comparison between the simulations and experiments will be made in Sec. 6. Finally, in Sec. 7, conclusions will be presented.
Theoretical Background
The dynamics of disks are characterized by a number of vibration forms, also called disk modes, and their corresponding natural frequencies. As a disk is a continuum, infinitely many disk modes exist, with distinct natural frequencies. Only modes with low natural frequency ͑say, below 1000 Hz͒ are of practical importance for this research. As a result, only transverse ͑out-ofplane͒ disk modes are considered because in-plane modes have high natural frequencies ͑Ͼ1500 Hz͒. The transverse disk modes are denoted by ͑m , n͒, where m is the number of nodal circles and n is the number of nodal diameters. Some examples of disk modes are given in Fig. 1 . The ͑0,0͒ mode is also known as the umbrella mode and the ͑0,2͒ mode is called a saddle mode.
For a rotating disk, two additional effects show up:
• First, rotation of the disk causes a build-up of radial stress in the disk. Since this results in stretching of the midplane of the disk, this is called the stretch effect. Midplane stretching causes an increased disk stiffness. Therefore, the natural frequency of each mode will increase with the rotation frequency ⍀.
• Second, the rotating disk is observed by a non-corotating ͑Earth-fixed͒ observer ͑for instance, the lense of the OPU͒. As a result, each ͑m , n͒ mode ͑n Ͼ 0͒ splits into a forward traveling and backward traveling wave ͑see ͓1,2͔͒. This is called mode splitting.
The stretch effect and mode splitting are depicted in Fig. 2 , a so-called Campbell plot, for an ͑m , n͒ mode ͑n Ͼ 0͒. Here, the stretch effect is seen for both the body-fixed and the Earth-fixed observer. In the former case, the curve has a positive slope for increasing rotation frequency ⍀. In the latter case, mode splitting results in a forward and backward traveling wave.
For a certain rotation frequency, the so-called critical speed, the backward traveling wave reaches zero natural frequency. At the critical speed, a constant ͑non-time-varying͒, Earth-fixed excitation can bring the disk into a critical speed resonance ͑resonance with zero natural frequency͒. The disk attains a stationary ͑nonro-tating͒ deformed shape, which is dominated by the mode shape that has its critical speed at this rotation frequency.
In an optical drive, the inner geometry forms an excitation source. As the disk rotates, it generates airflow in the drive. Due to airflow over the drive inner geometry, pressure differences are generated in the drive. These pressure differences depend on the airflow, but for a constant rotation frequency ⍀, they will be Earth fixed and more or less of constant nature. Namely, due to instationarities in the airflow and the disk vibrations, they will fluctuate around some constant value. As a result, a more or less constant pressure distribution acts on the disk. Since this excitation is both Earth fixed and constant, it is a mechanism for exciting critical speed resonances.
3 Analytical Model 3.1 Disk Model. Consider a circular annular disk, clamped at a radius r c and free at its outer radius r o , and rotating with angular velocity ⍀ ͑see Fig. 3͒ . The geometry of the disk is described by radial and circumferential coordinates r and , respectively. It rotates at a distance s͑r , , t͒ above a rigid, fixed baseplate, and a transverse pressure distribution p͑r , , t͒ is assumed to act on it. The transverse deflection of the disk is w͑r , , t͒.
The assumptions underlying the analytical model for the disk can be summarized as follows:
͑1͒ the disk is made of an isotropic, homogeneous material; ͑2͒ the material is linearly elastic, such that Hooke's law holds; ͑3͒ the density , Young's modulus E, and the Poisson ratio are constant throughout the disk and over time; ͑4͒ the disk is flat and has constant thickness h; hence, it contains no imbalance or warpage;
͑5͒ the disk is thin ͑h r o ͒, such that the Kirchoff plate theory ͑see ͓24͔͒ holds; this theory contains the following assumptions:
͑a͒ Straight lines, perpendicular to the midsurface ͑trans-verse normals͒ before deformation remain straight after deformation; ͑b͒ Transverse normals do not experience elongation ͑they are assumed to be inextensible͒; ͑c͒ Transverse normals rotate such that they remain perpendicular to the midsurface after deformation;
͑6͒ in-plane displacement is assumed to be axisymmetric, stationary, and much smaller than the transverse displacement w; ͑7͒ the disk rotates with a constant angular velocity ⍀; hence, ⍀ =0; ͑8͒ rotatory ͑in-plane͒ inertia is neglected; ͑9͒ thermal effects are not taken into account.
With these assumptions, a linear model for the transverse deflection of the disk can be obtained ͑see for example ͓5,6,9,10,21,22͔͒. The equation for the transverse deflection w, containing both membrane and bending stiffness, is given for an Earth-fixed observer by:
where D is the bending rigidity of the disk and ٌ 4 is the biharmonic operator:
and q rr and q are, respectively, the radial and tangential internal forces per unit length due to the centrifugal action of rotation:
with the constants C 1 and C 2 given by:
The disk is clamped at the clamping radius, requiring zero transverse displacement and slope at r c , and free at the outer radius, yielding zero edge reaction and zero bending moment at radius r o . This results in the following four boundary conditions associated with Eq. ͑1͒:
where 
The excitation mechanism acting on the disk is provided by the transverse pressure distribution p = p͑r , , t͒ on the right-hand side of Eq. ͑1͒. This pressure distribution is calculated from a model for the airflow over/through the drive inner geometry. As the goal of this research is to obtain general trends for geometry influence, the airflow model should preferably be simple and intuitive. Consequently, the use of highly detailed models, which can only be calculated by time-consuming CFD methods, is not considered. Namely, the interest does not lie in the detailed flow patterns and velocity field of the air in the drive, but in the global excitation mechanism ͑pressure distribution͒ caused by the airflow.
An airflow model that satisfies these requirements is a lubrication approximation ͑the Reynolds equation͒ for the air films below and above the disk ͓21,22͔. The Reynolds equation is often used in problems where there is no real lubrication, but where mainly pressure calculations are important. Therefore, it provides a common first step as a model for the airflow to obtain an estimate of the pressure distribution resulting from the geometry. Turbulence and convective terms, describing fluid inertance effects, are neglected in this approach. Inclusion of these terms would result in vortices in the fluid and, due to fluid viscosity, in higher pressure differences. Hence, without these terms, a lower estimate of the pressure distribution will be obtained.
The airflow between the disk and the baseplate ͑see Fig. 3͒ is modeled by the Reynolds equation for circular geometry, resulting from simplification of the Navier-Stokes equations. The following simplifications are used:
͑1͒ the fluid is Newtonian; ͑2͒ the flow is laminar and incompressible; ͑3͒ the fluid has constant viscosity and density a ; ͑4͒ thermal effects are negligible; ͑5͒ all fluid internal forces, except for the centrifugal force, are negligible compared to the viscous forces; ͑6͒ the fluid film thickness is small compared to the diameter of the disk; pressure variations across the film ͑in thickness direction͒ are neglected.
The Reynolds lubrication equation is derived by using the continuity equation, together with the simplified Navier-Stokes equations. A detailed explanation and derivation can be found in ͓23͔ for a general case, and in ͓21͔ for a flexible disk rotating over a rigid baseplate. For an Earth-fixed description, this results in the following lubrication equation:
where s = s͑r , , t͒ is the film thickness depending on the geometry of the baseplate and the disk shape ͑see Fig. 3͒ . Centrifugal effects in the fluid are included in the last two groups of terms on the right-hand side. The first group represents the effects induced by shear, whereas the second group contains the effects caused by the circumferential pressure gradient.
Combined Model.
As will become clear in Sec. 5, the disk rotates in a cylindrical cavity, which means that rigid baseplates are located above as well as below the disk. Additionally, walls are present in the radial direction. This is depicted in Fig. 4 , where s u and s l denote the nominal gap heights above and below the disk, respectively. p u ͑r , , t͒ and p l ͑r , , t͒ are the pressures resulting from airflow over airflow disturbances in the upper and lower cavities, respectively. For both cavities, Eq. ͑7͒ has to be solved and their pressure difference acts as an excitation on the disk ͑Eq. ͑1͒͒. The presence of walls in the radial direction is accounted for by specifying boundary conditions at points p 1 through p 4 in Fig. 4 . At p 1 , zero ambient pressure is assumed, whereas zero pressure gradient ‫ץ‬p / ‫ץ‬r = 0 is assumed at p 2 . Furthermore, airflow from the lower to the upper cavity is assumed not to take place. Therefore, pressure p 3 is assumed to equal p 2 . Zero pressure gradient is once more assumed at p 4 .
Numerical Model
The model for the disk and the airflow in the cavities above and below it consists of two distinct parts, i.e., Eqs. ͑1͒ and ͑7͒, between which the interaction takes place. As a result, it forms a multiphysics problem, similar to problems found in hard disk research ͑see ͓20͔͒, where interaction takes place between the spinning disks, the read-write head, and airflow in the drive. Here, the two parts of the problem are calculated separately, and coupled afterwards, in an iterative way. In order to perform calculations for a variety of inner housing geometry layouts, a mesh-like description of both the disk and the pressure field is preferred. Therefore, the disk part of the analytical model ͑Eq. ͑1͒͒ is approximated by FEM techniques and the Reynolds equation ͑Eq. ͑7͒͒ is numerically implemented using finite difference techniques.
For the disk, the FEM package ANSYS ͓25͔ is used. Elastic, four-node shell elements are used to mesh the disk. The node grid contains 25 equidistant nodes in radial direction and 100 equidistant nodes in circumferential direction. The nodes at the clamping radius r c are fully constrained in order to approximate the clamping condition of the disk. In the FEM model, for each rotation frequency, two subsequent analyses are performed. First, a static analysis is performed, in which the disk is prestressed due to midplane stretching as a result of the centrifugal load caused by rotation. Next, a modal analysis ͑Block-Lanczos solution procedure͒ of this prestressed state is performed, in which the natural frequencies and the transverse mode shapes for a number of disk modes are calculated. This corresponds to a modal solution of Eq. ͑1͒ in body-fixed coordinates. In this way, body-fixed natural frequencies are obtained ͑see Fig. 2͒ . After some initial calculations, a quantity of 26 modes is considered to be sufficient to describe the disk dynamics for this research. This corresponds with the ͑0,0͒ -͑0,8͒ mode and the ͑1,0͒ -͑1,4͒ mode, covering a bodyfixed frequency range of up to 2500 Hz. In this way, a description of the disk in terms of modal coordinates is obtained, which is exported to the numerical programming package Matlab ® ͓26͔. Additionally, modal damping is added to each mode separately, such that transients will decay during time simulations. The dimensionless damping coefficients are set to 0.005 for each mode, which will become clear from Sec. 6.1. The lubrication equation ͑Eq. ͑7͒͒ is implemented in Matlab ® using finite difference discretization. As this discretization scheme is the same as used in ͓21,22͔, it is not discussed in detail here. However, problems are experienced with the discretization of the mixed derivative term and the nonlinear term ͑terms in ͓¯͔ in Eq. ͑7͒͒. These terms cannot be discretized by means of finite differences in a stable way, as found from a von Neumann stability analysis ͑see for example, ͓27͔͒. Therefore, these terms are omitted in further analysis ͑as is also the case in ͓23͔͒. As a result, the Reynolds equation without these terms is considered to be a first step in the modeling of the airflow below and above the disk. The total numerical model consists of a combination of the implementations of the disk equations and the Reynolds equation. These two implementations are coupled iteratively ͑which will be explained below͒ and integrated in time to determine the dynamic response. As the modal description of the disk is valid for a bodyfixed coordinate system, the disk in the model does not rotate physically, but contains a prestressed state, corresponding to a certain rotation frequency. Consequently, the pressure distribution has to rotate over the disk in order to obtain the same dynamic situation as for a rotating disk and an Earth-fixed load. Therefore, the mesh for the pressure distribution has to rotate relative to the disk mesh. To avoid computationally costly interpolation, time steps in the algorithm are coupled to the mesh size and the rotation frequency. This suggests fixed time steps and, therefore, second-order implicit time integration ͑trapezoid method, see ͓28͔͒ is implemented.
The two-sided interaction between the disk model and the pressure equation is implemented as follows. After a number of complete revolutions of the pressure distribution over the nonrotating disk, the film thicknesses of the fluid films above and below the disk are calculated. Evaluation after each time increment would be computationally too costly. After some simulations with the complete model, it is found that the calculated disk deflection is too small to influence the pressure distributions above and below the disk significantly. As a result, the pressure distribution is calculated only at the beginning of each simulation ͑based on an undeformed disk͒ and no further coupling between the disk equations and the pressure equations takes place.
Parameter values for the numerical model are found from ͓29͔ for the polycarbonate disk, and from ͓30͔ for the airflow part ͑ambient temperature 20°C͒ and equal: E = 2.7ϫ 10 9 Pa, = 0.33, = 1200 kg/ m 3 , h = 1.2 mm, r c = 12.75 mm, r o = 60 mm, a = 1.23 kg/ m 3 , and = 18.6ϫ 10 −6 Pa s.
Experimental Approach
5.1 Experimental Setup. In order to be able to gain insight into the general influence of inner housing geometry on critical speed resonances, no real optical drive is used, since this forms a very complicated system. Instead, an idealized drive is considered, which consists of an aluminum base, to which the drive mechanism is rigidly mounted. The stator part of the motor is mounted to the bottom plate of the housing and a disk is clamped, by means of a magnetic clamper, to the turntable, fixed to the rotor part of the motor. The disk is a polycarbonate CD, with a highly reflective coating on both sides, which is beneficial for the measurement method. Several of the described parts can be seen in Fig. 5 .
As a normal optical drive forms a more or less air-tight unit, the idealized drive should also be more or less air tight. Therefore, around the disk, a cylindrical cavity is present, built from aluminum cavity parts. The cavity is covered by a transparent polymethyl methacrylate ͑PMMA͒ top plate, to enable measurement of disk tilt ͑see Sec. 5.2͒. The only hole in the setup is a hole in the bottom plate, through which the turntable enters the cavity. A schematic overview of the idealized drive is given in Fig. 6 . This situation is identical to the analytical situation in Fig. 4 . The dimensions denoted in Fig. 6 are: r h = 15 mm, r w = 60.5 mm, s u = 3.3 mm, and s l = 5.5 mm. This means that the cavities above and below the disk do not have the same height, which is also the case in a real optical drive. As an excitation source for critical speed resonances, simple wedge-like geometrical airflow disturbances are placed on the baseplate below the disk. These disturbances have a radial dimension ranging from r h to r o , a tangential dimension of 10 deg, and a height of 2 mm.
Measurement Method.
In order to be able to measure radial and tangential tilt of the disk ͑and, indirectly, its transverse deflection͒, a measurement method is designed, which yields a global view of the disk deformation. The method is a projection method, in which a pattern, reflected in a disk, is measured by means of a camera ͑see Fig. 7͑a͒͒ . As the disk deforms, a change of the measured pattern can be observed due to a local change of the angle of the reflective disk ͑see Fig. 7͑b͒͒ . As a result, small variations in the disk shape can result in large variations in the pattern reflected on the disk. The pattern, consisting of white dots on a black background, permits measurement analysis by means of image processing software. Examples of a reference and "deformed" camera frame can be seen in Fig. 8 . Actually, averaging is performed over 100 high speed camera frames, captured at Transactions of the ASME 1000 fps, in order to reduce the effect of disk imperfections and reflection variations. The situation in Fig. 8͑b͒ corresponds to a saddle mode of the disk. Using image processing routines written in Matlab ® , local radial and tangential tilt values of the disk can be calculated from the camera frames. Next, the disk shape that approximately matched these tilt values is determined by least squares techniques using the radial and tangential tilt of the mode shapes from the FEM model of the disk ͑see Sec. 4͒. Even with only 26 modes included, residues of the fit are always lower than 10%, indicating that a nice match is obtained. Some residues will always be present, as the disk used in the experimental setup will contain effects that cannot properly be described by a finite number of mode shapes, like, for instance, warpage. The residue of 10% translates to approximately ±1 mrad accuracy in the measured tilt values.
Results
In order to gain insight into the influence of drive inner housing geometry on the presence of critical speed resonances in optical drives, first some initial results are discussed, mainly based on the simulation model. Next, simulations and experiments are compared.
Exploratory Simulations and Presentation of Results.
In order to determine at which rotation frequencies critical speed resonances of the polycarbonate disk can occur, a Campbell plot is constructed from the natural frequencies obtained from the FEM calculations of the disk. For rotation frequencies below 200 Hz, the natural frequencies of the forward and backward traveling waves are depicted in Fig. 9 .
The maximum rotation frequency in current optical drives equals about 160 Hz. Therefore, three modes are of practical interest, namely, the ͑0,2͒, ͑0,3͒, and ͑0,4͒ modes, which have their critical speeds at 120.9, 133.1, and 163.4 Hz, respectively, as can be seen in Fig. 9 . Below a rotation frequency of 100 Hz, no critical speeds are found. Therefore, the rotation frequency range of interest is set to 100Յ f Յ 170 Hz, with a resolution of ⌬f =1 Hz.
From both the numerical model and the measurements, a steady-state Earth-fixed disk shape w͑r , ͒ can be obtained for each rotation frequency. In the simulation model, a time simulation is performed for each rotation frequency until transients have disappeared. In the measurements, the disk is spun to the desired rotation frequency. After approximately 10 s, the steady state is reached and a series camera frame is captured and averaged. By comparing this frame to a reference frame ͑undeformed disk͒ the disk shape can be reconstructed ͑see Sec. 5.2͒.
The results of a measurement or simulation series consist of the steady-state Earth-fixed disk shape w͑r , ͒ for the range of rotation frequencies f considered. This will be denoted as w͑r , , f͒. Each steady-state disk shape contains contributions of all the mode shapes included in the model/fit. However, in the frequency range considered, the ͑m , n͒ modes with m Ͼ 0 will hardly be excited by wedge-like airflow disturbances. Namely, the excitation does not match mode shapes with nodal circles. As a result, the maximum transverse deflection and the maximum radial and tangential tilt of each steady-state disk shape w͑r , , f͒ are present at the outer rim of the disk. This means that the deflection at the outer rim r o of the disk contains characteristic information of the disk shape. Hence, three-dimensional information on the disk shape can be reduced to a two-dimensional representation by considering the transverse deflection at the outer rim versus circumferential position on the disk; this implicates a reduction from w͑r o , , f͒ ‫ۋ‬ w͑ , f͒. For the radial and tangential tilt, similar representations are obtained, denoted by ␣ r ͑ , f͒ and ␣ t ͑ , f͒, respectively.
Next, a new way of representing the characteristics of a simulation series is proposed, consisting of a plot with the steady-state circumferential profile at the outer rim of the disk versus the rotation frequency. This profile could be the transverse deflection w͑ , f͒, radial tilt ␣ r ͑ , f͒, or tangential tilt ␣ t ͑ , f͒. Additionally, the circumferential location of local maxima and minima of the profile is indicated. The name avalanche plot is proposed as a name for this new type of plot.
An example of a tangential tilt avalanche plot ͑␣ t ͑ , f͒͒ is shown in Fig. 10 . The inner housing geometry for this simulation is shown in Fig. 11͑a͒ . The resulting pressure difference ⌬p dist = p dist,l − p dist,u is shown in Fig. 11͑b͒ for f = 120 Hz, where p dist,l and p dist,u denote the pressures in the lower and upper cavity, respectively.
The airflow disturbance is located at = 0 deg in the lower cavity and the disk rotates in a clockwise direction. Due to the large values of the pressure, the effect of the airflow disturbance cannot clearly be distinguished. Therefore, in Fig. 11͑c͒ , the pressure difference between a simulation with and without airflow disturbance is depicted, in which it can be seen that the airflow disturbance has a local influence on the pressure field. Local maxima and minima of ␣ t ͑ , f͒ are indicated by black triangles and white circles in Fig. 10 , respectively. Furthermore, the circumferential location of the airflow disturbance is indicated by a black solid line. From the figure, it can be seen that near three rotation frequencies, large tangential tilts occur. These frequencies correspond to the critical speeds from Fig. 9 and equal approximately 121, 133, and 163 Hz. From the number of local maxima and minima at these frequencies, it can be seen that they belong to the ͑0,2͒, ͑0,3͒, and ͑0,4͒ modes, respectively. Note that new local maxima/minima appear between two critical speeds ͑around 125 Hz and 150 Hz in Fig. 10͒ . They originate from a single nucleus and split up in a new pair of local minima and maxima. In this case, the nucleus is located at a circumferential position near the airflow disturbance.
Near the critical speeds, a movement of the local maxima and minima in circumferential direction can be observed. This means that the steady-state disk shape rotates in the direction relative to the airflow disturbance, located at = 0 deg. To find an explanation for this rotation, a small part of the avalanche plot can be considered. Namely, consider rotation frequencies ranging from 155 Hz to 170 Hz, in which the critical speed of the ͑0,4͒ mode ͑f c = 163 Hz͒ is contained. Below the critical speed, a local tangential tilt maximum is located approximately at the position of the airflow disturbance. Above the critical speed, a minimum is located at this position. This is the same effect as the 180 deg phase change of a single mass-spring mechanical system around its natural frequency. In order to understand this, Fig. 12 is considered. The pressure difference, resulting from airflow over inner housing geometry, can be considered to act on the disk as a moment M. To see this, consider Fig. 11͑c͒ where, in the clockwise direction, the excitation on the disk contains a maximum, followed by a minimum. For f Ͻ f c , deformation and moment are in phase in a static way ͑stiffness determined, as for an ordinary single massspring mechanical system͒, as is depicted in Fig. 12 . The out-ofphase situation ͑f Ͼ f c ͒ contains a disk slope of opposite sign; hence, the phase change in disk tilt equals 180 deg ͑see Fig. 12͒ . At the critical speed f = f c , the transverse displacement is largest and the tangential tilt at the location of the disturbance is near zero. For the critical speed resonance considered here ͑the ͑0,4͒ mode͒, a change of sign of the disk slope corresponds with a rotation of the disk shape of 45 deg in the circumferential direction. This equals the circumferential movement of the local maxima and minima between 155 Hz and 170 Hz in Fig. 10 .
Around the critical speeds of the ͑0,2͒ and ͑0,3͒ modes, similar rotations of the disk shape take place, with circumferential movements of 90 deg and 60 deg, respectively. However, since these critical speeds are located close to each other, some interference effects take place, making it difficult to see the rotations properly in the direction.
The size of the rotation frequency intervals over which the movement of the local maxima and minima takes place in the simulation model depends on the modal damping values in the numerical model. The damping values are adjusted such that the rotation frequency intervals in the simulations have similar length as the ones in the experiments. In this way, a dimensionless damping coefficient of 0.005, or 0.5%, is estimated for all modes. These damping values are used for all simulations in the remainder of this paper.
The information in the avalanche plot of Fig. 10 can be reduced one step further by calculating the maximum absolute radial or Transactions of the ASME tangential tilt on the outer rim as a function of the rotation frequency, corresponding with a reduction from ␣ r ͑ , f͒ ‫ۋ‬ ␣ r,max ͑f͒ or ␣ t ͑ , f͒ ‫ۋ‬ ␣ t,max ͑f͒. Figure 13 gives an example for the tangential tilt. This type of plot will be called a maximum absolute tilt plot and is especially useful for comparing the effect of different inner housing geometries ͑see also Sec. 6.2͒. Additionally, in Fig.  13 , the contribution of three individual modes is indicated, where it can be seen that, at the critical speeds, the response is dominated by the mode that is in critical speed resonance.
Simulations versus Experiments.
In order to compare the simulation model with the experiments, a series of inner housing geometries with different airflow disturbance configurations is defined, which will result in illustrative responses with respect to some critical speed resonances. In a real drive housing, one airflow disturbance is always present: the OPU, which is always located close to the disk. Therefore, critical speed resonances will always be excited to a certain extent. This situation is approximated by using a single wedge-like airflow disturbance positioned at a 0 deg circumferential position. In this way, a reference situation is obtained, showing a certain response with respect to critical speed resonances. This situation will be discussed in detail in Sec. 6.2.1. In order to gain more insight into the effect of inner housing geometry on the presence of critical speed resonances, a second airflow disturbance will be placed next to the reference disturbance. This will be discussed in Sec. 6.2.2.
Single Airflow Disturbance.
Simulation and experimental avalanche plots of the tangential tilt ␣ t ͑ , f͒ of the reference situation are depicted in Fig. 14 . For the sake of convenience, the simulation avalanche plot from Fig. 10 is repeated here in Fig.  14͑a͒ . From Figs. 14͑a͒ and 14͑b͒ , it can clearly be seen that three frequency regions are present in which critical speed resonances show up, corresponding with the critical speeds of the ͑0,2͒, ͑0,3͒, and ͑0,4͒ mode, respectively. Note that the circumferential movements of the local maxima and minima in the experiment near the critical speeds of the ͑0,3͒ and the ͑0,4͒ mode are not very smooth ͑at f = 132 Hz and 160 Hz͒, which may be caused by temperature effects in the disk. After all, due to the presence of the critical speed resonance, the disk deforms relatively a lot, resulting in high energy dissipation. As a result, the disk is believed to warm up, causing the related natural frequencies and critical speeds to decrease. In measurements, this is observed as a transient critical speed resonance. For instance, only during the first few seconds of a measurement, the critical speed resonance is present after which it disappears. As only the steady-state deformation is measured, this results in nonsmooth transitions in Fig.   14͑b͒ . For the ͑0,2͒ resonance, the transverse disk deflection is believed not to be large enough for the disk to dissipate enough energy to warm up significantly. In order to verify this hypothesis, experiments at higher temperatures should be conducted.
The critical speeds for both the simulations f c,sim and the experiments f c,exp are summarized in Table 1 , together with their relative difference ͑͑f c,exp − f c,sim ͒ / f c,sim ͒ ϫ 100%. From Table 1 it can be seen that there is a mismatch between the critical speeds in the simulation and the experiment. Only a small mismatch is present between the critical speeds of the ͑0,3͒ and ͑0,4͒ mode. A larger discrepancy is present for the ͑0,2͒ mode. This may be caused by a mismatch between the experimental clamping condition of the disk and the assumed boundary condition at the inner radius ͑zero displacement͒ in the finite element model. The clamping condition has influence on the natural frequencies of all modes, but for ͑0,n͒ modes with n Ն 3, the effect is very small ͑see, for example, ͓31͔ for analytical solutions͒.
Furthermore, the magnitude of the tilt in the simulations is much too small ͑compare the scaling of the experimental and simulation avalanche plots͒. The experimental tilt is two orders of Table 1 Critical speeds for the experiments, simulations, and relative difference magnitude larger than the tilt in the simulations. However, a qualitative match is found between the experimental and simulation results. The circumferential locations of the local maxima and minima of the radial and tangential tilt match approximately. This means that the explanation for the rotation in direction of the disk shape around the critical speed ͑see Sec. 6.1͒ is correct and that the pressure distribution calculated in the model corresponds with the excitation in the experimental setup in a qualitative sense.
To address the effect of other inner housing geometries ͑Sec. 6.2.2͒, it is more straightforward to consider maximum absolute tilt plots for tangential tilt ͑␣ t,max ͑f͒͒. These are depicted in Fig.  15 for both the simulation and the experiment with one airflow disturbance. From this figure, another difference between the simulations and measurements can be seen. Namely, in the experiments the ͑0,3͒ and ͑0,4͒ modes are much more dominant relative to the ͑0,2͒ mode than in the simulation. This possibly means that a larger mismatch is present for higher rotation frequencies, which could indicate a frequency-dependent mismatch. Possible causes are nonlinear and turbulent effects of the airflow in the drive, which are not included in the current simulation model. Furthermore, mixture between the air in the upper and lower cavity has not been taken into account yet. This is worthwhile investigating in future research, together with the effect of different airflow disturbance heights.
Two Airflow Disturbances.
In an attempt to gain more insight into the airflow-housing-induced excitation of critical speed resonances, the influence of a second airflow disturbance, placed in the lower cavity, is investigated. As an additional result, reduction of critical speed resonances is found to be possible. Several different inner housing geometries are considered, in which the tangential distance between the two airflow disturbances is varied from 30 deg to 90 deg. The effect of the added airflow disturbance is judged by comparing maximum absolute tilt plots. Avalanche plots are used to assess the match between the simulation model and the experiments. Since maximum absolute tilt plots and avalanche plots have similar characteristics for radial and tangential tilt, only the plots for tangential tilt are depicted.
One configuration will be discussed in detail now, to clarify how the aforementioned comparison is carried out. In this configuration, two airflow disturbances of 2 mm height and 10 deg angular width are present below the disk. The angle between the two disturbances equals 90 deg. Tangential tilt avalanche plots for the simulation and the experiment are depicted in Figs. 16͑a͒ and  16͑b͒ , respectively. Comparison of these two figures shows a qualitative match. Namely, in both the experiment and the simulation, the critical speed resonance of the ͑0,2͒ mode is suppressed. Instead, from 100-130 Hz, the disk has a ͑0,3͒ shape, since three local maxima/minima are found in this range. No new maxima/minima appear around 125 Hz, which normally would be the case ͑see Fig. 14͒ . At f Ϸ 145 Hz, a new local maximum/ minimum couple appears at 45 deg, in between the two airflow disturbances.
The suppression of the critical speed resonance of the ͑0,2͒ mode is also clearly observed in Fig. 17 , where the maximum absolute tangential tilt is plotted versus the rotation frequency for both the experiments and the simulations. This suppression is Transactions of the ASME caused by the pressure distribution resulting from the geometry. From Sec. 6.1, it has become clear that the pressure resulting from a single disturbance causes a specific orientation of a mode in critical speed resonance in circumferential direction. However, in the case of two disturbances that are 90 deg apart, their individual orientation demands are in antiphase for the ͑0,2͒ mode. For instance, both individual disturbances would cause a similar tangential disk slope at their location, but this is not possible for the ͑0,2͒ mode, since the shape of the ͑0,2͒ mode repeats itself every 180 deg in circumferential direction. This means that similar ͑say, positive͒ tangential slopes are 180 deg apart, whereas the disturbances request 90 deg spacing between positive tangential slopes. As a result, this disturbance configuration hardly excites the ͑0,2͒ mode. However, this would be the ideal excitation configuration for the ͑0,4͒ mode. In the maximum absolute tilt plot of the simulation ͑Fig. 17͑a͒͒, it can be seen that the tilt at the critical speeds of the ͑0,3͒ and ͑0,4͒ modes increases for the configuration with two disturbances 90 deg apart, compared to the single airflow disturbance configuration. The ͑0,4͒ mode shows the largest relative increase, due to the fact that the excitation from the two airflow disturbances matches the disk shape of this mode better. In the experiment ͑Fig. 17͑b͒͒, this effect is not seen. An explanation for this has not been found yet.
In analogy to the suppression of the ͑0,2͒ mode, the ͑0,3͒ and ͑0,4͒ modes can also be suppressed by a certain airflow disturbance configuration. Two airflow disturbances with 60 deg spacing in between hardly excite the ͑0,3͒ mode, whereas the ͑0,4͒ mode is suppressed by two disturbances located 45 deg apart. This is shown in Fig. 18 for both the simulations and the experiments.
For the situation with two disturbances located 60 deg apart, the ͑0,3͒ mode is not suppressed completely in both the simulation and the experiment, which could indicate that the airflow disturbances influence each other's pressure distribution.
The most ineffective excitation for the ͑0,4͒ mode contains two disturbances 45 deg apart. However, for both the experiment and the simulation, again, the resonance of this mode is not completely suppressed, which once more indicates that the two airflow disturbances influence each other. Furthermore, in the experiment, the presence of the resonance of the ͑0,3͒ mode is also reduced considerably.
From the comparison of the experiments with the simulations, it becomes clear that the model only matches with the experiments in a qualitative sense. In order to obtain a quantitative match, the effect of turbulence and nonlinear effects in the airflow should also be taken into account. Additionally, direct coupling between the two parts in the numerical model might be necessary once the disk transverse deflection is no longer too small to influence the pressure distributions above and below the disk, as is the case in the current implementation. For the geometry configuration with a single airflow disturbance, a good qualitative match is obtained. When two disturbances are used, trends in the experiments are also found from the simulation model. However, when the distance between the disturbances becomes smaller, the qualitative match is less apparent. This is most probably due to the numerical model for the airflow that does not match the reality accurately enough. Again, turbulence and nonlinear effects should probably no longer be neglected for these cases. Furthermore, mixture between the air above and below the disk takes place in the experimental setup, which is also not taken into account in the current model.
Inner housing geometries considered in this research only address the effect of airflow disturbances located in the same ͑bot-tom͒ cavity. Alternatively, it would be worthwhile to investigate the effect on critical speed resonances of two airflow disturbances placed opposite to each other, one in the upper and one in the lower cavity. Due to limitations in the measurement method, however, this has not been investigated yet.
Conclusions and Recommendations
In order to gain insight into the influence of drive inner housing geometry on critical speed disk resonances in an optical drive, a mixed numerical-experimental approach has been used. First, theory on disk dynamics, transverse disk modes, and critical speeds is explained and conditions for the occurrence of critical speed disk resonances are stated.
Next, for the numerical analysis, a model has been derived, consisting of two parts: one part describing the disk dynamics and the other part describing the excitation mechanism due to airflow in a drive-like environment. Effects such as, for instance, acoustics, thermal effects, shocks, and suspension flexibility are not taken into account in the numerical model. The disk dynamics are described by a truncated number of mode shapes of a radially prestressed ͑due to rotation speed͒ finite element disk model. In order to obtain the airflow induced pressure distribution that serves as the transverse excitation in the disk model, the Reynolds lubrication equation has been implemented using finite difference techniques.
From an experimental point of view, a drive-like environment has been created, which resembles the situation in the numerical model. Wedge-like airflow disturbances are used in the drive's housing. In order to measure disk tilt ͑both radial and tangential͒, a measurement method has been designed. This is an indirect method, in which a pattern, reflected in a mirror coated disk, is measured. In this way, a global view of the disk deformation is obtained. By making use of image processing software developed in the programming package Matlab ® , and a least-squares fit using the mode shapes from the modal analysis, the transverse disk deflection can be reconstructed from the measurements.
Results from both the numerical and the experimental analyses can be presented by means of two newly proposed types of plots: an avalanche plot and a maximum absolute tilt plot. These plots enable comparison of the simulation results with the experimental results in a straightforward way. Additionally, they enable comparison of the influence of different airflow disturbance configurations on the occurrence of critical speed resonances.
From the results of the numerical-experimental approach, it has been found that the numerical simulations match the experimental results in a qualitative sense. Similar orientations of disk shapes in direction are found at critical speed disk resonances. The circumferential locations of points with local maximum and minimum tilt values also correspond. However, tilt amplitudes in the numerical model are two orders of magnitude smaller than tilt amplitudes in the experiments. Additionally, a slight mismatch for the critical speeds is found, probably caused by inaccurate modeling of the boundary conditions at the clamping radius of the disk.
In drives that are currently developed, critical speeds of the ͑0,2͒, ͑0,3͒, and ͑0,4͒ modes can be present in the velocity profile. Critical speed resonances of these modes are always excited to a certain extent in practice ͑due to the OPU͒. A reference inner housing geometry, containing a single airflow disturbance at a circumferential position of 0 deg, provides insight into the excitation mechanism of critical speed resonances. As an additional result of the simulations and experiments for inner housing geometries containing two airflow disturbances, reduction of critical speed resonances of the ͑0,2͒, ͑0,3͒, and ͑0,4͒ modes has been found to be possible. This is achieved by placing additional airflow disturbances at angles of 90, 60, and 45 deg circumferential spacing, relative to the reference disturbance at = 0 deg, respectively.
The main contributions of the research presented in this paper can be summarized as follows:
• A suitable and very powerful measurement method for disk tilt has been designed. A global view of the tilt is obtained, and by use of the modal analysis from the numerical model, the disk shape can be reconstructed; • A numerical model has been developed whose results match with the experimental results in a qualitative sense; • A systematic approach has provided insight into the effect of inner housing geometry on the presence of critical speed resonances; • Both the experimental measurement method and the numerical model can be used as a design tool for the development of future generations of drives.
Recommendations for further work are the following. The airflow model should be improved by including the effect of the nonlinear terms in the lubrication equation or even by inclusion of turbulence effects. Additionally, an improved airflow model should allow mixture between air above and below the disk. Furthermore, direct coupling between the disk and the airflow model should be implemented once the disk deflection is found to influence the pressure distribution significantly.
